To evaluate the diagnostic accuracy of body mass index (BMI, kg/m 2 ), waist-circumference (WC) and waist-hipratio (WHR) as diagnostic tests for detecting fatness in adolescents. DESIGN: A cross-sectional analysis of 474 healthy adolescents aged 17 y was used. Measurements of height, weight, WC, hipcircumference and body fat percentage (%BF) were obtained. The diagnostic accuracy for detecting excess fatness was evaluated through receiver operating characteristics (ROC) analyses with %BF, measured by densitometry (air-displacement plethysmography), as reference test. RESULTS: BMI and WC showed strong positive correlation (r ¼ 0.68-0.73; Po0.0001) with %BF in both sexes, but the correlation was weaker for WHR (r ¼ 0.30-0.41; Po0.0001). For overweight and obesity in boys and obesity in girls, the area under the ROC curve was high (0.96-0.99) for BMI and WC. WHR was not significantly better than chance as diagnostic test for obesity in girls. For BMI and WC, highly sensitive and specific cutoffs for obesity could be derived, while larger trade-offs were needed for detecting overweight in girls. The cutoffs producing equal sensitivity and specificity were lower than the ones minimizing the absolute number of misclassifications. The latter approached internationally recommended reference values, but were still several units lower for BMI in girls and several centimeters lower for WC in boys. CONCLUSION: BMI and WC were found to perform well as diagnostic tests for fatness, while WHR was less useful. The discrepancies between cutoffs producing equal sensitivity and specificity, cutoffs minimizing the absolute number of misclassifications and internationally recommended reference values for overweight and obesity highlight the importance of specifying the characteristics of classification systems for different settings.
Introduction
Despite widespread concern about the worldwide development of childhood obesity, there is no universally accepted definition of the condition. 1 Different countries use different definitions and the nomenclature also varies. 2 Therefore, reported prevalence rates are hard to compare between countries and studies. Furthermore, problems for screening in clinical practice and public health may also result. The WHO definition of obesity as a disease, in which fat has accumulated to an extent that health is adversely affected, links the condition both to excess fatness and risk. 1 A problem when evaluating risk in children is that they display less obesity-related disease than adults. Adiposity generally tracks from childhood into adulthood 3, 4 and adolescent body mass index (BMI, kg/m 2 ) is associated with adult health outcomes. 5, 6 Therefore, current fatness can be used not only as proxy for acute effects of adiposity in childhood, such as psychosocial and musculoskeletal complications, but also for adult obesity-related risk, under the assumption that it is the fat component of BMI that drives adverse health outcomes. Direct measurement of adiposity is considered to be superior to indirect measures such as BMI, since BMI cannot distinguish between fat and fat-free components. 7 The ideal measurement method for adiposity, which should satisfy the criteria of being accurate, precise, accessible, acceptable and well documented, does not exist. 8 Highly accurate reference methods, such as computed tomography, densitometry and dual X-ray absorptiometry (DXA), are expensive and often time-consuming, while more accessible and cheaper methods are not as accurate. 8 Inexpensive, fast and easily administered anthropometric methods, such as BMI and circumferences, have generally been used as proxies for fatness. For children, as for adults, BMI has been established as the principal measure of obesity, 9 even though there are more problems associated with BMI as indicator of fatness during childhood because of age, sex and maturation influences. 8 An expert committee, which in 1997 declared BMI to be the principal measure of obesity in childhood, recommended ancillary measures to be used in conjunction in clinical practice. 9 Various proposed reference values for overweight and obesity exist for BMI, 7,10,11 but for ancillary measures such as waist-circumference (WC) and waist-hipratio (WHR) recommendations are scarce. This is unfortunate, since improved guidance of how to use different measures for screening could assist in identifying individuals at risk as targets for selective intervention or preventive measures. The trade-off in validity between different diagnostic tests for fatness has been evaluated in children to some extent, [12] [13] [14] but their respective diagnostic accuracy still remains to be completely elucidated in different adolescent populations. Therefore, the primary aim of this study was to compare the validity of BMI, WC and WHR as diagnostic tests for current overall fatness by comparison with %BF estimates derived by densitometry in a Swedish sample of 474 17-y adolescents. The secondary aim was to derive cutoff values producing equal sensitivity and specificity, as well as cutoff values minimizing the absolute number of misclassifications for the respective tests.
Subjects and methods

Stockholm Weight Development Study (SWEDES)
The subjects in SWEDES were 481 adolescents (n ¼ 279 girls, n ¼ 202 boys). Body composition data were available for 474 of the subjects. The adolescents were a subset of the offspring of 1423 women who participated in the Stockholm Pregnancy and Weight Development Study in [1984] [1985] . 15 The local Ethical Committee of Huddinge University Hospital granted ethical approval for the study. Informed consent was obtained from each mother and adolescent.
Measurements
Weight was measured by the BodPod s Body Composition System (Life Measurement Instruments, CA, USA) to the nearest 0.1 kg with the subjects dressed in underwear. Standing height was measured to the nearest 0.5 cm against a wall-mounted stadiometer. BMI was determined as Quetelet's index (kg/m 2 ). WC and hip-circumference (HC) were measured in duplicate with subjects standing dressed in underwear. WC was measured at the minimum circumference between the iliac crest and the rib cage. HC was recorded at the maximum circumference over the buttocks. Both measurements were rounded to the nearest 0.5 cm.
%BF was measured by air-displacement plethysmography (ADP) using the BodPod s . The equipment was used in an enclosed room without windows. A series of repeated measurements was performed on phantoms of known weights and volumes for the assessment of methodological error. Two measurements were performed on each fasting subject according to manufacturer's instructions and recommendations, with subjects wearing tight-fitting underwear, or a swimsuit, and a swim cap. 16, 17 A single ADP procedure consisted of two measurements of body volume. If these differed by more than 150 ml, a third measurement was performed. Predicted lung volume was used for the calculation of body volume, using the preprogrammed equations. Appropriate corrections for thoracic gas volume and skin surface area artifact were applied to this raw measurement to obtain actual body volume. The final result reported by the instrumentation was calculated from the average of the raw measurements, or the average of the closest two where three measurements were required. Data on body density were converted to %BF using the equation of Siri, 18 as utilized by the software supplied by the manufacturer.
Definition of excess fatness
There are no generally accepted %BF cutoffs for excess fatness or overweight/obesity in children and adolescents. Several previous studies have defined childhood or adolescent obesity as the fattest 5% in the sample as determined by various measurement techniques of %BF. [19] [20] [21] Such a method sets the true prevalence to a fixed percentage and even though individuals with higher %BF relative to the group may be identified, the relation to increased morbidity risk remains unclear and may vary. However, Williams et al 22 have published %BF cutoffs derived from findings of a significant over-representation of selected cardiovascular risk factors, such as high blood pressure and unfavorable lipoprotein profiles. In a sample of 3320 5-to 18-y-old subjects, they found that 25%BF and 30%BF for boys and girls, respectively, were suitable cutoffs to define excess fatness. 22 %BF estimates were derived from skinfold thickness measurements, a method which has limitations in adolescents. 23, 24 However, the methodology used to convert the measurements to %BF minimized the typical errors due to heterogeneity in fat-free mass, as described by Sardinha et al. 12 Therefore, it is less likely that any bias occurred.
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These criterion-based cutoffs were used in our study as reference values to define overweight to avoid setting the prevalence to a fixed percentage using %BF cutoffs unrelated to metabolic risk. In the absence of similar criterion-based %BF cutoffs for definition of obesity, true positives for obesity were defined as the top 5% %BF in the sample. This introduces the limitations addressed, but provides results for obesity derived with the same methodology as previously published studies on the diagnostic accuracy of BMI-based classification of childhood and adolescent obesity.
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Statistical analyses Statistical analyses were performed by using SPSS for Windows (version 11.5; SPSS Inc., Chicago, IL, USA). Parametric statistics were used as appropriate. Pearson's Diagnostic tests for fatness in adolescence M Neovius et al correlation coefficients were used to examine the relation between %BF and the various proxy measures. Receiver operating characteristics (ROC) analyses were performed in order to evaluate the general performance of the proxy measures to detect body fatness. A ROC analysis can describe the clinical performance of screening tests in terms of diagnostic accuracy or the ability to correctly classify subjects into clinically relevant subgroups, as defined by a reference test. 25 It evaluates the accuracy of the screening measure by summarizing the potential of the test to discriminate between the absence and presence of a health condition. In this study, the diagnostic accuracy refers to the ability of various proxy measures for fatness to discriminate obesity from nonobesity and overweight from nonoverweight as defined by %BF cutoffs. In the ROC analysis, the true positive rate (sensitivity) is plotted against the false positive rate (1-specificity) across a range of values from the diagnostic test. Sex-specific curves were constructed with %BF as reference measure and BMI, WC and WHR as diagnostic tests. Hereby, cutoff values minimizing the absolute number of misclassifications can be calculated for different diagnostic tests, as well as cutoffs producing identical sensitivity and specificity, resulting in an equal rate of false positives and false negatives.
The area under the curve (AUC) was used as a measure of the overall performance of the ROC curve, since it is equal to the probability that a random person with the disease has a higher value of the measurement than a random person without the disease. 26 The AUC can take values between 0 and 1, where an AUC of 1 is a perfect screening test and 0.5 represents a test equal to chance. In the ROC curve diagrams, a 451 line was plotted representing an AUC of 0.5. Positive (sensitivity/(1Àspecificity)) and negative ((1Àsensitivity)/ specificity) likelihood ratios were also calculated, expressing the odds that a given value of a screening test outcome would be expected in an individual with (as opposed to an individual without) the target disorder.
Results
The mean BMI and HC did not differ between the sexes, while the mean %BF was significantly higher (Po0.001) and WC was significantly lower in girls (Po0.001) ( Table 1 ). The mean %BF for boys was almost 9 percentage points lower than the recommended 25%BF cutoff for overweight in boys, while for girls the mean %BF was nearly equivalent to the proposed cutoff of 30%BF. The 95th percentile for %BF, denoting obesity, was 33%BF for boys and 41%BF for girls. All proxy measures for fatness were highly correlated (Po0.0001) to the reference test %BF ( Table 2 ). The bivariate correlation coefficient for WC was higher than the one for WHR in both sexes, indicating that the measure from which WHR is calculated was a better independent predictor of adiposity in this sample than when combined into a quotient with HC. Adjusting for height, calculating the waist-to-height-ratio, did not increase the correlation to %BF in either of the sexes (data not shown).
The ROC curves for overweight are shown in Figure 1 and for obesity in Figure 2 . The probability of detecting overweight, expressed by the AUC, was high for boys for BMI and WC, while the diagnostic tests performed worse for girls ( Table 3) . The 95% confidence interval for WHR was wide for boys and for girls WHR was significantly less probable to correctly classify overweight individuals than BMI and WC.
For obesity, the AUCs in both boys and girls were high for BMI and WC (0.96-0.99), but significantly lower for WHR girls (Table 4 ). WHR was not significantly different from chance as diagnostic test for detecting obesity in girls (P ¼ 0.08).
For both sexes highly sensitive and specific cutoffs could be found for obesity through the use of WC and BMI. The WHR-based cutoffs were less accurate, as expected from its lower AUC and correlation coefficient to %BF. Cutoffs producing equal sensitivity and specificity, as well as cutoffs minimizing the absolute number of misclassifications, and associated specificities and sensitivities, are shown in Table 3 for overweight and Table 4 for obesity. Compared with the BMI cutoffs recommended by the IOTF, the internally derived cutoffs, producing equal values of sensitivity and specificity, were 4.8 and 4.6 BMI units lower for obesity for boys and girls, respectively, and the discrepancies for overweight were 0.8 and 3.6 BMI units. Compared to the adult reference values recommended by the WHO, the derived WC cutoffs . WHR was not significantly better than chance as diagnostic test for obesity in girls (P ¼ 0.08), while all other tests were significantly better than chance (Po0.001 for BMI and WC in both sexes; Po0.01 for WHR in boys). AUC: Area under the curve reflects the probability that a random person with the disease has a higher value of the measurement than a random person without the disease; 95% confidence intervals given within parentheses. b Cutoffs producing equal values of sensitivity and specificity. Cutoffs minimizing the absolute number of misclassifications are given within parentheses. The BMI cutoffs can be compared with the cutoffs for overweight proposed by the IOTF, which for boys and girls aged 17 y are 24.5 and 24.7 kg/m 2 , respectively. Diagnostic tests for fatness in adolescence M Neovius et al respectively, than the recommended cutoffs for adults (Tables 3 and 4 ). The positive (L pos ) and negative (L neg ) likelihood ratios further illustrate that WHR was less accurate in diagnosing overweight and obesity in late adolescence than BMI and WC. When setting sensitivity and specificity equal, a truly obese girl would be less than twice as likely to be classified as obese by WHR than a truly nonobese girl. In comparison, an obese girl would be 20 times as likely to be classified as obese by BMI than a truly nonobese girl. For obese boys, the performance of WHR was slightly better than in girls.
Discussion
Classification of childhood and adolescent obesity is complicated. Ancillary measures have been recommended to be used in conjunction with BMI-based classification systems for diagnosis in clinical practice. 9 Reference values for ancillary measures are scarce, but exist for BMI. 2, 7, 10, 11 The aim of this study was to compare the validity of different diagnostic tests for current overall fatness and to derive cutoff values producing equal sensitivity and specificity, as well as cutoff values minimizing the absolute number of misclassifications in the sample under study. BMI and WC showed strong positive correlations with %BF measured by densitometry in both boys and girls, but were weaker for WHR. In the evaluation of the diagnostic tests, the nature and extent of misclassifications were described through the use of ROC curves. In the ROC analyses, the probability of finding obese and overweight individuals by use of BMI and WC was found to be high. On the other hand, WHR was not significantly better than chance as diagnostic test for obesity in girls. Thus, the clinical relevance of WHR as diagnostic test in adolescents can be questioned, since WC, one of the measures it is based upon, displays higher correlation and a higher probability of diagnosing correctly in both sexes. WHR has previously been shown to be less valuable as diagnostic test for central fatness in prepubertal children 27 and adolescents. 13 Highly sensitive and specific cutoffs could be derived for obesity in both boys and girls for WC and BMI. Reference values for WC in adolescence are scarce, making comparisons for the derived cutoffs difficult. However, Taylor et al 13 evaluated WC and WHR regarding their relative screening abilities for trunk fat mass in children and also found WC to perform significantly better than WHR. We only analyzed the validity of the different measures in finding overall fatness, but our finding was the same. Also, the cutoffs for WC proposed by Taylor et al for boys and girls aged 17 y were similar to the cutoffs derived for obesity in our study (girls 79.8 vs 78.0 cm; boys 84.9 vs 83.5 cm). However, compared with the reference values for adults of 102 and 88 cm for men and women, respectively, these cutoff values are low. Within 1 y, the subjects in this study will be included in the adult stratum, which would imply reference values with extremely high specificity and very low sensitivity. The cutoffs derived in this study minimizing the absolute number of misclassifications were closer to the recommended adult values, but still lower (95 and 85 cm for boys and girls, respectively). The derived BMI cutoffs producing identical sensitivity and specificity differed markedly from the international BMI cutoffs that are recommended by the IOTF. 7 This has been shown previously for overweight in this sample, but not obesity.
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The described cutoffs produce false positives at the same rate as false negatives, which may not be considered to be optimal as long as prevalence rates of overweight and obesity are low. In certain settings, minimizing either misclassification may sometimes be more important, for example, in order not to mislabel an adolescent as obese because of the social stigma that may be associated with such a label. Since the absolute number of true positives is much smaller than true negatives in most populations, the absolute number of misclassifications becomes higher when applying cutoffs with identical sensitivity and specificity. This was further underscored by the derived cutoffs for obesity minimizing the Diagnostic tests for fatness in adolescence M Neovius et al absolute number of misclassifications, which were 4.6 and 1.4 BMI units higher, and 11.5 and 7.0 cm larger WC for boys and girls, respectively, than the cutoffs producing equal sensitivity and specificity. However, for boys the WC cutoff was still 7.0 cm lower than the recommended adult value and for girls the cutoff for obesity was 3.2 BMI units lower than the IOTF cutoff. Furthermore, with increasing prevalence rates of overweight and obesity in adolescence, the absolute number of false negatives (ie not identified truly overweight or obese individuals) increases and increasingly more individuals in the need of medical attention are missed. The IOTF/Cole classification system has repeatedly been shown to be highly specific, but less sensitive for excess fatness. 19, 20, 28 This makes it more similar to the cutoffs derived in this study, which minimize the absolute number of misclassifications, while ignoring the large fraction of truly overweight or obese adolescents being mislabeled. The same applies to the reference values for WC in adults, if applied in late adolescence. A difficulty in the design of this type of analysis is the absence of commonly accepted cutoffs for classifying subjects with high %BF. This can be handled in several ways. We chose to use the definitions proposed by Williams et al to define overweight. To define obesity, we used the cutoffs derived from the study population as reference, through defining obesity as above the sex-specific 95th percentile %BF. Several studies have used either one of the approaches. 12, 14, 20, 21, 28 Both approaches share the limitation of turning a continuous variable into a categorical, without any clear upward inflection of the risk curve associated with the cutoff. A limitation of the criterion-based approach used by Williams et al is that the proposed %BF cutoffs can be criticized on the grounds of choice of study population and sample size, as well as chosen health outcomes and choice of risk measures. This has been discussed elsewhere. 28 A limitation of the internal percentile approach is the problem to compare results between studies, since the average percentage body fat associated with the chosen percentile may vary considerably between populations. 21 Thus, although boys and girls with higher %BF relative to the group may be identified, these adolescents may not be obese or have elevated risk factors for disease. 12 In addition to the complications of choosing %BF reference values to define fatness, the most appropriate choice of reference test to measure fatness in children is also subject to discussion. We used the densitometry method ADP, while others have used DXA, 12,14 hydrostatic weighing 29 and skinfold thickness measurements 20 in similar analyses. DXA has the advantage of being able to discriminate between the components of the fat-free mass, which densitometry cannot. However, even DXA poses problems since different DXA equipment brands have shown intervariability and also intravariability in measurements. 30 An advantage in this regard using ADP is that there is currently only one brand on the market and this plethysmograph has been proven to produce %BF estimates of comparable accuracy as DXA and hydrostatic weighing. 30 In conclusion, BMI and WC showed high validity in detecting fatness in 17 y adolescents, while WHR performed worse. The derived cutoffs for BMI and WC, producing the same rate false positives as false negatives, differed markedly from recommended reference values for BMI in adolescence and WC in adulthood, while the derived cutoffs minimizing the absolute number of misclassifications were more similar to proposed classification systems. As long as prevalence rates are low, highly specific but insensitive systems produce less misclassified cases in absolute terms than systems with equal sensitivity and specificity, but consistently miss a high percentage of true positives in the need of health care or public health attention. With increasing prevalence rates of overweight and obesity, increasingly more risk individuals are missed.
